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Abstract: The two-body Slowly Relaxing Local Structure (SRLS) model was applieéPXoNMR spin
relaxation in proteins and compared with the commonly used original and extended model-free (MF) approaches.
In MF, the dynamic modes are assumed to be decoupled, local ordering at-tHesites is represented by
generalized order parameters, and internal motions are described by effective correlation times. SRLS accounts
for dynamical coupling between the global diffusion of the protein and the internal motion of-thedénd

vector. The local ordering associated with the coupling potential and the interridl diffusion are tensors

with orientations that may be tilted relative to the global diffusion and magnetic frames. SRLS generates
spectral density functions that differ from the MF formulas. The MF spectral densities can be regarded as
limiting cases of the SRLS spectral density. SRLS-based model-fitting and model-selection schemes similar
to the currently used MF-based ones were devised, and a correspondence between analogous SRLS and model-
free parameters was established. It was found that experimental NMR data are sensitive to the presence of
mixed modes. Our results showed that MF can significantly overestimate order parameters and underestimate
local motion correlation times in proteins. The extent of these digressions in the derived microdynamic parameters
is estimated in the various parameter ranges, and correlated with the time scale separation between local and
global motions. The SRLS-based analysis was tested extensivEiy oelaxation data from several isotropically
tumbling proteins. The results of SRLS-based fitting are illustrated with RNase H Eoooli, a protein
extensively studied previously with MF.

Introduction as a product of the globalCy(t), and the internal Ci(t),

- . . . . . 1 1 35
The ability to interpret nuclear spin relaxation properties in correlation functions:

terms of microdynamic parameters turned NMR into a powerful

method for elucidating protein dynamit3The amide'SN spin C(t) = C,(t) (1) 1)

in proteins is a particularly useful probe, relaxed predominantly

by dipolar coupling to the amide proton aHtN chemical shift The resulting spectral density functiodw), is given by a
anisotropy (CSAY. The experimental NMR observable®N weighted sum of Lorentzians. This assumption is preserved in
Ti, T2, and>N—{1H} NOE acquired at one or more magnetic the extended MF treatménalthough the resulting time scale
fields) are controlled by the global and local dynamic processes separation between the global diffusion and the slow local
experienced by the NH bond vector. The model-free (MF)  (nanosecond) motion is typically only about 1 order of
approach in its origindP and extendetiforms is currently the ~ magnitude.

most popular means of analyzing experimental NMR data in  Recently, a semiempirical mode-coupling diffusion approach
terms of microdynamic parameters associated with thetAN  was developetP and applied to the derivation of local dynamics
bond vector motions. One of the fundamental assumptions in proteins® However, experimentdfN T; patterns could not
underlying the MF formulation is that the global diffusion of pe reproduced for magnetic fields exceeding 8.4 T, where the
the protein and the internal motion of the-N bond vector  contribution of local motions becomes significant. This approach
are not correlated (coupled). This “decoupling” approximation s based on molecular dynamics simulations and cannot reliably
allows one to separate the two types of motions and representsaccount for slower motions in proteifsThe common MF

the autocorrelation functioiG(t), of the overall dynamic process  approach also has been extended by applying the Gaussian Axial
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Figure 1. (a) Schematic representation of the coordinate frames used in the calculation of the SRLS spectral density function-fidriibed\
vector motions: L, the laboratory frame; C, the global diffusion frame;tke local ordering (or local director) frame; M, the local (internal)
diffusion frame; D, the dipolat®N—1H tensor frame; and CSA, tHé&N CSA tensor frame. In the case of isotropic global tumbling the C dnd C
frames become the same (cage frame). (b) Definition of the Euler angles associated with the relative orientatidN &3Ketensor Xcsa, Ycsa,
Zcsp) and dipolart™N—*H tensor Ko, Yo, Zp) frames.Yy andZy are principal axes of the collinear internal diffusion and local ordering tensors.
The principal axeXcsa, Ycsa, andZcsa are defined to be aligned with the most shielded)( intermediated,,), and least shielded$s) components
of the 1N shielding tensor, respectivelyp and Ycsa are assumed to be perpendicular to the peptide gfafike M — D frame transformation
consists of a rotation by an angbep aboutYy and a rotation by an anghaup about the new orientation ap. The D— CSA transformation
consists of a rotation by an angheaboutYpp (Ycsp).

order parameter in terms of fast fluctuations about three employed MF parametrization, and used to fit NMR experi-
orthogonal axes, but otherwise preserves the MF spectralmental relaxation data. Our results show that model-free can
density. significantly overestimate order parameters and underestimate
Here, we report on the analysis of NMRN relaxation data local motion correlation times. The extent of these digressions
using the Slowly Relaxing Local Structure (SRLS) model. SRLS in the derived microdynamic parameters was estimated in the
was implemented originallj'4 as an approximate theory various parameter ranges, and correlated with the time scale
appropriate for small local ordering and applied to ESR spin separation between the local and global motions.
probes and NMR in liquid crystald.In recent years SRLS was
developed into a comprehensive rigorous structural two-body Theory
mode-coupling theofy1® and applied to ESR studies of The fundamentals of SRLS theory, discussed recently in the
biomolecular dynamic¥19 In the latter application the two  context of biomolecular dynamiég;*° are directly applicable
coupled modes represent the global motion of the macromol- to N—H bond vector motions in proteins. The coordinate frames
ecule and the internal motion of the spin-bearing moiety. In required to describe the SRLS model are depicted in Figure 1a.
the context of amidé N spin relaxation in proteins, SRLS isa The laboratory frame (L) is a space-fixed frame withztaxis
powerful theoretical tool that rigorously accounts for the along the applied magnetic field. CSA and D are N
dynamical coupling between the global diffusion of the protein chemical shift anisotropy and the-N dipolar magnetic tensor
and the local diffusion of the NH bond vector. In SRLS, the  frames, respectively. The dipolar tensor frame has-#sis
global diffusion, the local diffusion, the local ordering, and the aligned along the NH bond (Figure 1b). The Euler angl&sp
magnetic interactions are tensors that may be tilted relative toand Q,csa are the usual stochastic variables of magnetic
one another. The time-independent geometric relations containresonance spin relaxation, modulated by local motion of the
important information related to protein structure. The SRLS N—H bond vector and the global molecular tumbling. The
theory can be viewed as a generalization of MF. For low internal diffusion frame (M) relates to the local-N bond
ordering SRLS was shown theoretically to converge to MF in vector motions. The M frame can be tilted relative to theH
the motional narrowing limit> In the present study the bond (or D frame) by a set of time-independent Euler angles
computational SRLS methodolo§y!® was adapted to the  Qwmp(cmp, Amp, ywp). If we assume the local motion to be
calculation of spectral densities for NMR spin relaxation in the axially symmetric only two angle@vp andymp, remain. The
case of isotropic global tumbling. The SRLS model was global diffusion frame (C) is a molecule-fixed frame determined
parametrized in a way very similar to the conventionally mainly by the protein shape. The-N bond vector diffuses in
a highly anisotropic environment (due to geometrical and

(12) Lienin, S. F.; Bremi, T.; Bitscher, B.; Bfgchweiler, R.; Ernst, R.

R.J. Am. ChemSoc 1998 120, 9870-9879. structural/motional restrictions) and experiences a mean orient-
(13) Polnaszek, C. F.; Freed, J. Bl. Phys. Chem1975 79, 2283 ing potential with symmetry axes that may be different from
2292. the C frame. We therefore define an internal ordering (director)
8;‘; Eﬁﬁéﬁd'ﬂ:;%ﬁg‘"F;hyl_ilgfb?%nilﬁh&yﬁggé 83 89163, frame (C) that is fixed relative to the C frame. For isotropic
(16) Polimeno, A.; Freed, J. H. Phys. Cherrl995 99, 10995-11012. global tumbling the distinction between C and €ames
(17) Liang, Z.; Freed, J. H1. Phys. Chem. B999 103 6384-6396. vanishes and they become the same (cage frame in Figure 1a,

20(()%)8)1'6115‘%%'722-_?5':3'8‘95‘1’ J. H.; Keyes, R.; Bobst, A. B1.Phys. Chem. B qenoted as C below). To summarize, the local diffusion of the
(19) Barnes, J. P.; i_iang, Z.: Mchaourab, H. S.: Freed, J. H.: Hubbell, N—H bond vector and the local ordering induced by the globally

W. L. Biophys. J1999 76, 3298-3306. tumbling surroundings (cage) are represented by tensors that
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Figure 2. A plot of the square of the order paramet&f) (versus the
potential coefficienttyo given in units ofkgT.
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may be tilted relative to the NH bond vector (D frame) and
the CSA tensor.

The N—H bond vector motions and the cage are dynamically
coupled by a potentidl(Qcwm) that depends on their relative
orientation through time-dependent Euler angigsy(t). The
coupling potential tends to align theNH bond vector toward
the z-axis of the ordering frame. In the simplest case of axially
symmetric local ordering it is given by 19

U(Qcw)/keT = — oD% Rem) = ~U(Qcy) 2
wherekg is the Boltzmann constant, the temperature in K,
Co the potential strength in units &&T, and D2y the Wigner
rotation matrix element. A conventional order parameter can
be related tacyo as?’?

S= D, Qe 3)

where

M Qeu®]T= [ D%o(Q) explc,D’o(R)] dQ/
S explc,D%o(Q)] dQ.

A plot of the squared order paramet€g, versuscyg is shown
in Figure 2. It should be noted that the very definition ®f
requires axial (or lower) symmetry of the internal diffusion
tensortt?

The time-dependent part of the spin Hamiltonian for this two-
body system is given b¥~

T
A= AlMpl Qi)

DLTm’(QMCSA)FS:gTé)Afk 4)

wherexm stands for themth component of théh (| = 0, 2)
rank irreducible spherical tensor or tensor operat@whereX
is either a spin operatok or a magnetic tensdf) defined in
the N frame, withu specifying the kind of interactiodfN CSA
or 1N—1H dipolar). D!, ,(Qn) are Wigner rotation matrix
elements which relate the N frame to theffdme. The detailed
form of Al and F{.{g, can be found elsewhef@.

(20) Freed, J. HSpin labeling: Theory and ApplicationBerliner L.
J., Ed.; Academic Press: New York, 1976; p 53.
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The dynamic effects of the global and the local diffusion are
incorporated into the spectral density through the diffusion
operatort6.17

f — I"-global(QLC) 4 flocal(QLM) 4 Fglobal(_QCM) 4
F(Qqw) (5)

The first two terms in this equation refer to freely diffusing
global motion and local motion rotors. In this study the global
diffusion is assumed to be isotropic €€C'; Figure 1a). Hence,
[9oba(Q, o) is given by:

fglobaI(QLC) + RC jCZ (6)
whereJC is the infinitesimal rotation operator associated with
this motion (and the super 2 implies the square), RAd=
1/(6ry) is the diffusion constant for the global motion. The

internal motion is given by an axially symmetric diffusion
tensor:

Q) =R, 37 + (R, — R)IY @)

where J- is the infinitesimal rotation operator for the local
motion with thez component,j'z‘, and Ry and R, are the
principal values of the axial local diffusion tensor. The local
motion within the macromolecule (cage) is restricted by the
internal orienting potentiadl(R2cm) (eq 2), which couples the
global and local motions. The last two terms in eq 5 reflect the
contributions td" due toU(Qcw). F9°*aandF'°c@ are functions

of the Euler angle§2¢y that transform the M frame into the C
frame, which can be further expressed-a&(c + Q.m) (Figure
1a). The operator expressions fé¥obal andFlocal gre given by:

17

Fo?' = (1/2)[R5(3 u) + (R — RHEP )] —
UARSJ; W@ u) + R (37 w7 (8)

and
Foobal = (1/4)R°(23%%) — (3Sw)(@°_u) + (w3 (9)

This constitutes an effective two-body model for which a
Smoluchowski equation representing the rotational diffusion of
two interacting rotors is solve®:16 The solution features three
eigenvalues (correlation times) for the local motion wis2r=
O.

(r) T=6RE+ KA(R —R)fork =0;1;2 (10)
EachK value leads to its own spectral density comporiént.
Even forS > 0 thejk=1(w) andjk=2(w) components are mainly
dominated by local motions, whereas ffxeo(w) component
represents mixed modes between the global and the Iﬁg)al (
motions. The “measurable” spectral density is then constructed
out of the threejx(w) components by incorporation of the
orientation-dependent functions that multiply the spin operators
in the spin Hamiltoniag!

Assuming that thé>N CSA tensor is axially symmetric and
collinear with the dipolar N-H tensor ¢ = 0 in Figure 1b) the
spectral density fob"N CSA and'>N—{H} dipolar relaxation
in the coordinate frame of the local motion is giveny!

(21) Freed, H. J.; Nayeem, A.; Rananavare, S.TBe Molecular
Dynamics of Liquid Crystajd.uckhurst, G. R., Veracini, C. A., Eds.; Kluwer
Academic Publishers: The Netherlands, 1994; Chapter 12, pp 2L
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J(w) = Ajk=o(®@) + Bjg=y(@) + Cjx=p(w) (11)
whereA = (1.5 codByp — 0.5%, B = 3 sirfBup co$Bwp, C =
0.75 sifBump, andpBwp is the “diffusion tilt” angle between the
molecular diffusion axi€y and the N-H bond. In the present
study the SRLS parameters featured Mw) include three
diffusion rate constantdC, RE RL one potential parameter,
C20, and the polar anglgvp (diffusion tilt) between the M and
D frames (Figure 1). Special cases include the following: (1)
isotropic fast local diffusion (local correlation time = 7o =
(6R)* ~ 7 = (6Ry)™), implying fup = 0; then, J(w) =
jk=o(w), and the NMR relaxation data can be fit with orey(

if 7z is negligibly small) or two €0 andzs) free parameters, in
complete analogy with the original model-free formulatfen;
(2) very anisotropic slow local motioni(= 1 < s = 70 and

7t — 0), denoted VALM below; then the last two terms in eq
11 are negligibly small compared #jk—o, providedfSup =
547, and NMR data can be reproduced with three free
parameterstgg, Ts, fvp). The coefficientAin eq 11 is formally
analogous to the squared order paramé&ér while Ssg &
(whereSsgisis calculated using eq 3) is formally analogous to
S?, in the extended MF formula recast for— 0:

Jw) = S T /(1 + 01,) + (1 - SHTIL+ 0’ )]
(12)

whereS; and& are order parameters associated with the slow
and fast local motions, respectively, is the correlation time

of the global motion, and's is the effective correlation time of
the slow local motion. Within the scope of VALM the fast local
motion represents diffusion about an axis close to theHN
bond @y in Figure 1b), and the slow local motion represents
diffusion of the axis itself (abouty). A formal correspondence
between the extended MF order param&er SS; and the
SRLS order parameteiSsgs can be established with the
relation:

S= Syr (1.5 codB,,, — 0.5)

If NMR data at more than one magnetic field are available
VALM can be extended to any degree of anisotropyRinby
including an additional free parametgr= 7. Then all thejk-

(w) components contribute ti{w) in eq 11. A formal analogy

is thus established between the extended MF forfnatad
VALM. 22 The global correlation time, is not considered a

(13)

Tugariebal.

FaandF, are complex trigonometric functions of the angles
ﬁMDv andyMD.23

Numerical simulations showed that the sensitivity'f T,

To, and™N—{'H} NOE to ymp increases with magnetic field
strength because of the augmented CSA contribution. In general,
the sensitivity ofT; and T to ywp variations is limited, while
NOEs are approximately twice less sensitiveyig than T
andT,. To avoid an excess of free variables we fixegb at

90°. Then the perpendicular local motion represents excursions
of theZy axis out of the peptide plane approximately about the
C*(i—1)—C%(i) axis (Figure 1b).

After the spectral density functial{w) has been constructed
out of its fundamentajk(w) components by using eq 11, the
measurabléN relaxation quantitie$®N Ty, 15N T, and>N—

{™H} NOEs are calculated as a function}0), J(wn), J(wn),
J(wutwn) andI(wy—wn), using standard expressions for NMR
spin relaxatior:?*

Methods and Calculations

The complete SRLS computational strategy, including the optimal
choice of the basis set, was described previot&sI§The calculation
of SRLS spectral densities is computationally intensivecfeivalues
exceeding~10 (2 exceeding~0.81) and/or very fast internal motions.
Therefore, we used precalculated two-dimensional grigéddfj(wn),
i(on), j(wuton), andj(oy—wy) to fit experimental*>N T;, T2, and
IN—{*H} NOE data. Thek-o, jx=1, andjk=2 grids of spectral density
values at the five frequencies were constructed under the assumption
of isotropic global motion for sets @b andz; (or 7s) values. An axial
N chemical shielding tensor witly — 7, = —170 ppm, andd =
—16°,2were used in these calculations. Thegrid dimension spanned
the values between &= 0) and 40 & = 0.95), and the dimension
spanned the values between 0.0608nd 1.4,. A two-dimensional
polynomial interpolation on the pre-constructed grid using Neville’s
algorithn?®was employed for spectral density evaluation in the course
of model fitting. The spectral density values at a fixed frequency are
smooth functions of botle,o and z, and can be reliably interpolated.
The interpolation errors in both theo and r grid dimensions were
estimated to be at least 1 order of magnitude smaller than the errors in
microdynamic parameters assessed with currently available experimental
NMR techniques.

The fitting of experimental NMR data was based on target function
minimization. For measurements carried out at one magnetic field the
target function for spini was defined as the sum of the squared
differences between experimental and calculd@id,, and NOE values
divided by the squared random errors:

free parameter in the present context, where we focus on they? = [(To"°— Ti?"ﬁ/olei]er (T — Tgf"‘)/oTz’i]2 +

microdynamic parameters; it should be determined indepen-

dently.

In principle, the CSA and dipolar magnetic tensors are not
collinear (Figure 1b). Then, in the local diffusion coordinate
frame the dipolar and CSA spectral densities differ. The CSA
spectral density can then be corrected for noncollinegnitith
AJ(w,0,fvp,ymp) calculated by applying two consecutive
rotations: from the M frame to the D frame and from the D
frame to the CSA frame. In its most general form this correction
term can be expressed as:

Ad(w) = 3 [=o(®) — jk=1(@)]F5 — [ix=1(®) —
Jk=2(®)]Fy} (14)

(22) The term (- SA7/(1 + w?t:?), which should be added to eq 12
if no assumptions about are made, is formally analogous to the second
term on the right-hand side of eq 11, §s= (1.5 cogfmp — 0.5) and
(1 — S? =~ 3 sirtBup coSpmp for smallfvp. The third term of eq 11 can
be neglected, as sffwp is very small in this case.

(23) Fushman, D.; Cowburn,.D). Biomol. NMR1999 13, 139-153.

[(NOE; — NOE™)/oy0g ]* (15)

The SRLS-based dynamic models employed in the fitting procedure
are summarized in Table 1. In model 1 the local motion is so fast (
— 0) that its effect on the spectral density is negligible. This assumption
is equivalent in practice to fixing at the lowest value for which the
SRLS spectral densities could be calculated. In model 2 it is assumed
that the internal motion can be approximated as isotropic 7).

This model is analogous to the original MF formulation. Models 3 and

4 are derived from models 1 and 2, respectively, by addition of the
free parameteRex to the transverse relaxation rate expressions, to
account for possible exchange processes on the microsecond to
millisecond time scale. For models-#, fup = 0, henceJ(w) =
jk=o(w) in eq 11 and the correctiohJ(w) in eq 14 depends solely on

(24) Abragam, A Principles of Nuclear Magnetisn®xford University
Press: Oxford, UK, 1960.

(25) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.
Numerical Recipes In C. The Art of Scientific Computi@ambridge
University Press: Cambridge, UK, 1992.
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Figure 3. The low-frequency regions of SRL&-o(w), jk=1(w), andjk=2(w) (solid lines) and MRJ)(w) (dashed lines) functions calculated fior
= 4.0 ns for several values of the internal motion correlation timge The internal motion was assumed to be isotropic.

Table 1. SRLS Models Used to Fit Experiment&N NMR
Relaxation Data Acquired at One Magnetic Field

model
no. parametefs SRLS model description
1 C20(H) very fast internal motionz(— 0)°
2 C2o(SD); (1) isotropic internal motion
3 C20o(F); Rex model 1 with exchange term

4 czo(Szg; 7(71); Rex
5 C20(S9); Amp(S?); Ta(zy)

a Analogous MF parameters are shown in parenthédest model
1 ther — 0 assumption is practically equivalent to fixingt the lowest
value for which the SRLS spectral densities can be calculateor
model 5 it is assumed thaj — 0. This assumption is equivalent to
neglecting thgk=1(w) andjk=2(w) spectral density components.

model 2 with exchange term
very anisotropic slow local motién

the angled. In model 5 the local motion is anisotropic. To be able to
fit the data acquired at one magnetic field (3 observables) model VALM
(11 = 1y < 15 = 10, and 7y — 0) was used. In this case onty, (or
jk=0(w)) enters the spectral density. The angle was allowed to vary.
The VALM form of J(w) is analogous to the extended MF fornfula
with 7; set equal to 0.

The model selection scheme based )8n and F-testing closely
followed that of the widely used MF proceduieBriefly, if model 1
did not pass thg?-test with 10% confidence level, thé- and F-statistic

model fitting and model-selection schemes were implemented in a fitting
program used for SRLS data analysis. Error estimation of the fitted
parameters was carried out using 100 Monte Carlo simulatfons.

The 2D grids were generated on a Microway workstation equipped
with a 500 MHz Digital Alpha 21264 processor and a 500 MB memory.
The CPU time required was 10 days for freo(w) grid, and 20 days
for each of thejk=1(w) and jk=2(w) grids, with severalc,y values
exceeding 20. Once the grids were generated, they could be rapidly
and repeatedly utilized in fitting experimental data.

Results and Discussion

The low-frequency regions of all thré&ecomponents of(w),
calculated for isotropic global motion with, = 4 ns, are shown
in Figure 3 as a function of the time scale separation between
the local and global motions. The=1(w) andjk=2(w) compo-
nents (Figure 3eh,i—I) are dominated by the local motion and
are almost independent ofy. They contribute significantly to
the “measurable”J(w) only for slow local motions. The
jk=o(w) component is similar to the MF spectral density (Figure
3a—d). In general, model-free underestimates spectral density
values at low frequencies and slightly overestimates them at
higher ones. These differences become more significant for

testing were performed for the two-parameter models 2 and 3 versushigher values o€, (not shown) and slower local motions, i.e.

model 1. If these latter tests were not successful, Ghprobability
level was lowered (typically to 0.1%) and the tests were performed
anew for models 4+3. The three-parameter models 4 and 5 were used

only if all the previous tests failed. Since the number of parameters in
models 4 and 5 is equal to the number of NMR observables at one

field, neithery?- nor F-testing were possible. The residyalvalues
for models 4 and 5 was required to be lower than®1The described

(26) Mandel, A. M.; Akke, M.; Palmer, A. G., 110. Mol. Biol. 1995
246, 144-163.

with decreasing time scale separation between the local motion
and the overall tumbling (cf. Figure 3al). It is important to
note that for low ordering MF was shown to represent a limiting
case of the SRLS theoty It was also shown that a small SRLS
coupling potential has the same effect as anisotropic local
diffusion’®* which manifests as an increase jr—o(0) as
compared to isotropic local diffusion. It can be shown that SRLS

(27) Kamath, U.; Shriver, J. Wl. Biol. Chem 1989 264, 5586-5592.
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also converges to MF in the limit of very high orderir® (~ counterparts. A better alternative fogy determination, pursued

1) and very fast local motions¢(= (6R;)~ — 0). In this limit in this study using SRLS, is based on searching for the minimum
the SRLSk=o(w) component approaches asymptotically the MF value of the sum of? residuals for all the protein residues and
spectral density, i.e. a Lorentziap/[1 + (wtm)?] representing a maximum sum of degrees of freedom (df). In practice, we
global motion. Numerical simulations carried out fof = 4 looked for a minimum in the sum gf?/df over all the protein

ns andrs = 2 ps, i.e., a time scale separation of 0.0005, showed residues. Both approaches resultedvalues very similar to
that the contribution of the global motiof% ) constitutes over  those derived using MF.

99.98% ofJ(O)wr for 0.75 < & < 0.95. Although the pure Numerical simulations were carried out using SRLS-derived
global motion dominates(O)sris) there are also additional  gynthetic 5N T;, T,, and NOE data sets with subsequent
contributions due to mixed modes. The relative differefd®) parametric fitting using MF. Figure 5a illustrates relative errors

= [J(O)srLs — J(O)wr)/I(O)srLs was found to range from 9%  jn the derived order parameter§ir — Ssrid/Fsreg for spins
for SsrLs= 0.75 to 5% forS'sris= 0.95. Since with currently  yith negligible local motions. In this regime the extent S
available NMR techniques the typical experimental errofan  gyerestimation by MF was found to be weekly field dependent
which in this limit constitutes a very good approximation to  tpe range of 11.718.7 T and almost independent of the
the error inJ(0), is below 2%, we conclude that in the range of - gjopa| correlation time. They, values calculated frorTy/T,
E)Srder parameters relevant for folded proteiog & 4 -+ 40) ratiog8 using MF were essentially the same as those obtained
N relaxation data are sensitive to the presence of mixed modes,sing SRLS. The correlation times for fast internal motions were
even when the local motion is in the extreme narrowing limit. |,4erestimated by MF more than 2-fold (Figure 5b). For models
Theoretical®N Ty, Tp, #*N—{*H} NOE, andTy/T; curves,  wjth slow (very anisotropic) internal motions the relative
calculated as a function af with both SRLS and MF fo? = differences in the obtained order parameters are approximately
0.786,7m = 12 ns, and 14.1 T, are shown in Figure 4. It can be yyice higher (cf. Figure 5c,d). For a fixed local motion
seen that the SRLS-deriveti and NOE values change as a ¢orelation time these differences are strongly dependent,on
function of the local motion to a much larger extent than the \yhich in this case determines the time scale separation between
MF-derived values (Figure 4a,b), while tffg values change  he two modes (Figure 5¢). The smaller the time scale separation

comparably (Figure 4c). In thes — O limit the Ty/T> ratio between the global and local motions, the higher is the extent
(Figure 4d) predicted by both theories is approximately the same. \which < is overestimated by MF. The time scale separation

Therefore, the detgrmgnatlon af, based onTy/T ratios of between the local and the global motions also controls the
rigid” (z; — 0) spind® should give similar results. SRLS  q/ative differences in the slow motion correlation times (Figure
predlcts_theTlsz anaIyS|s_t_o be more robgst because _SRLS 5d). These results indicate that in the parameter range relevant
T4/T, ratios are less sensitive to local motions than their MF for folded proteins the order parameters are significantly

(28) Kay, L. E.. Torchia, D. A.; Bax, ABiochemistryl989 28, 8972 overestimated, whereas local motion correlation times are
979. considerably underestimated by MF.
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The SRLS-based analysis was tested extensively:>hbin = 0° and 180. The patterns illustrated in Figure 6 were found
relaxation data from several isotropically tumbling proteins. to be preserved, in accordance with the relatively small effect
RNase H fromE. coli, extensively studied previously with  of y\p variability on the NMR observables at 11.7 T. Interest-
MF,2629is chosen here as an illustrative example of the results ingly, the very study providing the experimental RNase ¥ata
of the SRLS-based fitting. The anisotropy of the global tumbling used herein focuses on the quantitative relation between the

of RNase H was shovfto be low ¢/ = 1.12). A global magnitude of? and conformational entropy contributions. In
effective correlation time ofy, = 9.28 ns was used to calculate  this context the accuracy & is of considerable importance. It
microdynamic parameters both in the previous MF std8lsd is also of interest to note that in general underestimation of

in our SRLS analyses. Out of 124 spins, 121 could be fit using correlation times for local motion may impact the determination
SRLS spectral densities. For 109 spins analogous models werey 1. hased orTy/T, considerationg®

selected by both methods. The details of the SRLS-based fitting
are provided in the quportlng Information (Table 1S). F'gl.”e to MF is the inclusion of mixed modes in the former and their
6 shows the superposition of the SRLS- and model-free-derived ~ . .~ " . T
microdynamic parameters for those residues where analogousornISSIon in _the_la;ter. Itis quite mtngumg that even V\.’h?n the
models, i.e., models with the same number of corresponding mterngl motion is in the extreme mqtlonal narrowing limit, the
parameters, were selected. While for models with local motions experlmgntal NMR el se.nsmve enqugh o bear ou.t the
on the picosecond time scale the average reductic® is in contribution of mixed modes in the typical range of high
the range of 79%, for models with nanosecond local motions  ©rdering experienced by NH bond vectors in proteins.
< can be two-to-three times lower than the corresponding SRLS  If NMR relaxation data acquired at more than one magnetic
value (Figure 6a). The local motion correlation times on both field are available, both angl@up andymp can be determined
the picosecond (Figure 6b) and nanosecond (Figure 6c) timein principle. These angles fix the orientation of the local
scales are typically underestimated by MF by at least a factor diffusion and local ordering axes, while their magnitude is
of 2. Both treatments yield practically identical exchange determined by the local surroundings of the-N bond vector.
contributions (Figure 6d). This indicates that for Rg-featuring Thus, local structure affects local geometry via dynamical
models the exchange term does not absorb the differencescoupling. Domain motions of the kind encountered in many
between SRLS and MF microdynamic parameters. The effect enzyme® 32 exemplify more indirect elements of dynamic
of ymp on the results was checked by fitting the data wilb structure, where mode-coupling is expected to have important
(29) Mandel, A. M.; Akke, M.; Palmer, A. G., lIBiochemistryL996 implications. In such cases SRLS is expected to help correlate
35, 16009-16023. structural dynamics with function.

The fundamental feature that singles out SRLS with respect
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Figure 6. Best fit microdynamic parameters BEf coli RNase H, based on data acquired at 300 K and 11.7 T, obtained using SRLS (solid circles)
and MF (opaque circles) spectral densities: (a) squared order parameters; (b) fast local motion correlation times; (c) slow local motion correlatio
times; and (d) exchange contributions. The MF data were taken from the litefaftme SRLS model 5 the order parameter is calculated as the
product of Sspi and (1.5 co¥wp — 0.5, whereSsris is equivalent taS; and (1.5 co¥wp — 0.5) to S in the extended MF formulas.

The jk=1(w) andjk=2(w) spectral density contributions are between global and internal motions is assurffgdence, both
associated with axial local diffusion and ordering tensors and approaches apply to the extreme narrowing limit without
nonzero “diffusion tilt” angles fvp). Models with Syp = 0 properly accounting for mixed modes.

(VALM) are therefore indicative of the fact that MF effective SRLS is also applicable to cross-correlated relaxation stud-
correlation times and generalized order parameters are no longeies3® There are quite a few literature reports where MF enhanced
adequate descriptors of internal motions and local ordering. by GAF could not interpret3C-related cross-correlated relax-
Rather, tensorial properties must be assigned to these variablesation rates; which for larger proteins depend primarily d(0).

We found that experiment&N NMR relaxation data featuring ~ As shown in Figure 3ad, even whergyp = 0 the MF and
slow motions cannot be reproduced with eq 11 using the SRLS spectral densities at= 0 differ significantly. Interest-
assumption of isotropic local diffusion. This is actually the ingly, Lee and Wan# assigned problems with the interpretation
consequence of the relatively high axial local ordering and small of multifrequency autocorrelatédN relaxation data of Ubiquitin

time scale separation between and.. to MF deficiencies in properly predicting0).
It is of interest to pinpoint the basic tenets of the mode-  In summary, the theoretical treatment®{l protein relaxation
coupling diffusion theory® and the GAF modé?*2 in the data is extended in this study to account for dynamical coupling

SRLS context. The mode-coupling diffusion theory as applied between global and local motions. The tensorial properties of
to 15N relaxation in proteins could not account for data acquired the two-body SRLS model provide ample opportunities for a
above 8.4 T, apparently because it focuses on the weight of thephysically meaningful interpretation of NMR relaxation data
global diffusion mode, but precludes the manifestation of mixed in proteins. It can be applied to other NMR heteron &
modes in the correlation function. It should be noted that

currently this approach is limited to very fast local motions _ (33) Very recently Bruschweiler and co-workers have employed a
procedure of analyzing computed molecular dynamics trajectories in terms

because of pract_ical '_'eStrai_ms imposed by the length _Of the of quasiharmonic modes to extract a description of intramolecular protein
molecular dynamics simulations. The 3D GAF model reinter- dynamics, and related it to nuclear spin relaxafib#. This is entirely
prets & in terms of restricted fast fluctuations about three different from our approach since we fit the experimental nuclear spin

1 : 5 . p relaxation data from each local site of the protein to an appropriate stochastic
orthogonal axes! When applied td°N relaxation data it only model, viz. the SRLS model. It would be of relevance, in the future, to

treated spins with internal motions below 50'ps’he mani- relate the results of our method of analysis of nuclear spin relaxation data

festation of mixed modes is precluded because decouplingto molecular dynamics, and Bruschweiler's procedure for analyzing the latter
could prove useful in this regard.
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